INTESTINAL MUCOSAL HEALING is central to problems such as chronic inflammation, ileus, or sepsis. Failure of mucosal healing with subsequent bacterial translocation may contribute to disease pathogenesis (11, 48, 72) . Mucosal healing is a complex process that requires epithelial sheet migration (restitution) from the wound margins and sometimes also epithelial proliferation (60) . The intestinal epithelium is subjected to repetitive deformation from diverse physical forces, including peristalsis and villous motility during normal gut function (26, 68) , and the patterns of such forces may be altered during various disease states (32, 33) . Thus alterations in the mechanical forces acting on the intestinal epithelium could contribute to failure of wound healing in conditions such as Crohn's disease, ileus, or sepsis.
Previous in vitro work from our laboratory suggests that cyclic strain stimulates Caco-2 and intestinal epithelial cell-6 (IEC-6) migration across a fibronectin matrix (74) . This process requires the activation of Src, phosphatidylinositol 3-kinase (PI3K), and Akt, as well as a novel Src-independent phosphorylation of focal adhesion kinase (FAK) at Tyr925 (7, 21) . How these signal proteins interact to mediate the effects of strain, however, remains poorly understood. Integrin-linked kinase (ILK) is an integrin ␤1 and ␤3 subunit binding protein (25) . Ectopic expression of active ILK in mammary epithelial cells promotes rapid cell spreading on fibronectin (18) . In contrast, ILK-deficient cultured keratinocytes fail to spread efficiently, with impaired ability to form stable lamellipodia upon induction of cell migration in scraped keratinocyte monolayers (47) . Overexpression of ILK increases chicken embryo fibroblast cell migration in a PI3K-dependent manner, corresponding with the activation of Akt (55) . Moreover, ILK can directly phosphorylate myosin light chain (MLC) to stimulate cell motility by activating the cellular contractile machinery in smooth muscle cells (15) (16) . Thus ILK is of particular interest as a candidate to mediate strain-stimulated intestinal epithelial migration across fibronectin because it is required for migration in some other cell types and because of its interaction with PI3K, Akt, and MLC. Interestingly, Gange et al. (20) recently reported that the small interfering RNA (siRNA) knockdown of ILK in human intestinal cells severely affected cell migration, which was rescued with exogenously deposited fibronectin.
However, ILK kinase activity, or the lack thereof, has been a contentious issue. Some studies suggest that ILK is a pseudokinase and an essential scaffold protein (37, 67) . It has been argued that although mutational analysis has been used to gain some insight into the catalytic activity of ILK, these mutations have also been shown to disrupt the interaction of ILK with essential binding partners (3, 69) . In addition, genetic studies in Caenorhabditis elegans and Drosophila melanogaster fail to confirm the kinase function of ILK in vivo since the reported kinase dead ILK mutants were capable of fully rescuing the severe phenotypes caused by ILK deletion in both species (43, 73) . Moreover, a knockin mouse strain carrying mutations in the autophosphorylation site (S343A or S343D) is normal and does not show changes in Akt or GSK-3␤ phosphorylation or actin organization downstream of integrins. Mice carrying point mutations in the potential ATP-binding site (K220A/M) die shortly after birth because of kidney agenesis, although the authors (37) argued that this did not result from impaired kinase activity because the mutations did not alter the phosphorylation levels of reported ILK substrates in vivo and no evidence of kinase activity was detected in vitro. Despite all of the above evidence, ILK has been shown to act as a serine/threonine kinase and to directly activate several signaling pathways downstream of integrins (14, 18, 25, 52-53). It has also been reported that although ILK-deficient chondrocytes, or keratinocytes, do not show changes in Akt or GSK-3␤ phosphorylation (23, 41) , ablation of ILK in the heart, kidney, nervous system, or skeletal muscle abrogates phosphorylation of Ser473 of Akt (51, 64 -66) , raising the possibility of tissue-specific kinase function.
We hypothesized that ILK mediates the effects of strain on intestinal epithelial wound closure. To test this hypothesis, we used the Flexcell apparatus to rhythmically deform human Caco-2 intestinal epithelial cells cultured on a tissue fibronectin substrate. Rat nontransformed IEC-6 cells were used to confirm key results. We studied a frequency of 10 cycles per minute and an average 10% strain, similar in order of magnitude to the frequency by which the intestinal mucosa might be deformed by peristalsis or villous motility in vivo, and conservative with regard to the amplitude of deformation (4, 50) . We characterized ILK activation by cyclic strain and determined the role of Src and PI3K in this process. Additionally, we used siRNA targeting ILK to examine its role in strain-stimulated migration and characterized ILK association with FAK and Src through coimmunoprecipitation studies. Finally, we used ILK siRNA to characterize its role in FAK, Akt, and MLC phosphorylation, which have previously been implicated in this process (21) .
EXPERIMENTAL PROCEDURES
Materials. Nontransformed IEC-6 rat intestinal epithelial cells were obtained from the American Type Culture Collection (Manassas, VA). Dulbecco's modified Eagle's medium (DMEM), Oligofectamine, Lipofectamine, and Plus Reagent were obtained from Invitrogen (La Jolla, CA). Tissue fibronectin and trypsin were obtained from Sigma (St. Louis, MO). Phosphospecific polyclonal antibodies to FAK Tyr(P) 397 and FAK Tyr(P) 576 were obtained from Invitrogen. Phosphospecific rabbit polyclonal antibodies to FAK Tyr(P) 925 , Src Tyr(P) 416 , and Akt Ser(P) 473 ; rabbit polyclonal antibody to ILK, FAK, Akt and Na-K ATPase; and horseradish peroxidase-conjugated anti-rabbit and anti-mouse IgG were obtained from Cell Signaling (Danvers, MA). Mouse monoclonal antibody to p85, rabbit polyclonal antibody to Src, and Western blot stripping reagent were obtained from Millipore (Bedford, MA). Phosphospecific rabbit polyclonal antibodies to MLC Thr(P) 18 /Ser(P) 19 , rabbit polyclonal MLC antibody, and horseradish peroxidase-conjugated anti-goat IgG were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse monoclonal antibody to glyceraldehyde-3-PDH (GAPDH) was obtained from Biodesign (Saco, ME).
Cell culture. Human intestinal epithelial Caco-2BBE cells, an established highly differentiated human colonocyte cell line (30, 54) , and nontransformed IEC-6 rat intestinal epithelial cells were maintained at 37°C in 5% CO2 as previously described (74) .
Strain application. Cells were plated on Flexwell plates and maintained in a 37°C humidified incubator with 5% CO 2. Once the cell monolayers were confluent, they were subjected to mechanical deformation using the Flexcell Strain Unit (FX-4000; Flexcell, McKeesport, PA) as described previously (74) . Briefly, cells were subjected to cyclic deformation and relaxation at a magnitude of 10% strain and a frequency of 10 cycles/min by a computer-controlled 20-kPa vacuum. Control plates were placed in the same incubator but not attached to the Flexcell unit. Placing a Plexiglas ring in the center addressed the nonuniformity of strain in the center of the flexible wells as cells were plated only around the periphery of the ring where strain is more uniform. Previous studies have demonstrated that the cells remain adherent during deformation and experience parallel elongation and relaxation with the repetitive deforming membrane (4) .
Matrix and inhibitors. Flexwell amino plates were precoated with a saturating concentration of 12.5 g/ml tissue fibronectin (5). Cells were seeded at 300,000/well and grown to confluence. PP2 and LY294002 (EMD Biosciences, Gibbstown, NJ) or 0.1% DMSO vehicle control were added to the cells 1 h before exposure to strain.
Migration. To measure motility, confluent cell monolayers on fibronectin-coated deformable membranes were subjected to 0 -48 h of repetitive deformation after induction of circular wounds using a 1-ml pipette tip (1.5-mm diameter) as previously described (4) . Wound areas were photographed and measured on a Kodak Image Station 440 CF (PerkinElmer, Boston, MA), and the percentage of wound closure was calculated.
Western blot analysis and coimmunopreciptation studies. Cells were lysed on ice in modified radioimmunoprecipitation buffer (50 mmol/l Tris, pH 7.4, 150 mmol/l NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1 mmol/l EDTA, 1 mmol/l phenylmethylsulfonyl fluoride, 1 mmol/l Na 3VO4, 50 mmol/l NaF, 10 mmol/l sodium pyrophosphate, 2 g/ml aprotinin, and 2 g/ml leupeptin; pH 7.4), and lysates were centrifuged at 12,000 g for 10 min at 4°C. Supernatant protein concentrations were determined by the BCA method (Pierce Chemical, Rockford, IL). For coimmunoprecipitation studies, confluent cells serum starved for 24 h were lysed with immunoprecipitation buffer [modified radioimmunoprecipitation buffer without sodium deoxycholate or sodium dodecyl sulfate and with reduced NaF (1 mmol/l)]. Twenty-five microliters of anti-ILK antibody or anti-FAK antibody and Protein A/G-Agarose (25 l/ reaction) were added to 600 g of protein-matched samples diluted to equal volumes (1 ml) with overnight rotation at 4°C. After three washings with immunoprecipitation buffer were completed, the pellet was resuspended in loading buffer. After being boiled, lysates or immunoprecipitations were resolved by sodium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred to Hybond ECL nitrocellulose membrane (GE Biosciences). Membranes were probed with appropriate primary and secondary antibodies. Bands were visualized using ECL reagent (GE Biosciences) and analyzed with a Kodak Image Station 440CF. All exposures used for densitometric analysis were within the linear range.
In vitro kinase assay. Lysates of cells maintained under static conditions or subjected to strain for 5 min were immunoprecipitated with anti-ILK and protein A/G sepharose. The ILK protein was incubated with GSK-3-␣/␤ fusion protein and ATP before SDS-PAGE, and immunoblots were probed with GSK-3-␣/␤ Ser(P) 21 / Ser(P) 9 antibody (Cell Signaling Technology). GSK-3 fusion protein (Cell Signaling Technology) serves as a substrate for assaying ILK kinase activity. The GSK-3 ␣/␤ crosstide, corresponding to residues surrounding GSK-3 ␣/␤ (Ser21/9) (CGPKGPGRRGRRRTSSFAEG), is expressed as a GST fusion protein.
P85 translocation assays. The static control cells or cells exposed to cyclic strain were lysed in lysis buffer (50 mM HEPES, pH 7.4, 50 mM NaCl, 1 mM MgCl2, 2 mM EDTA, 5 mM NaF, 1 mM PMSF, 10 g/ml leupeptin, 10 g/ml aprotinin, 1 mM Na3VO4, and 1 mM dithiothreitol). The cell lysates were sonicated at 20% duty cycles 10 times to disrupt the cell membranes and release cytosolic proteins (Sonifier 250, Branson Ultrasonic, Danbury, CT). The lysates were ultracentrifuged at 105,000 g for 1 h at 4°C. The supernatant was collected as the cytosolic fraction. The resulting pellet (membrane fraction) was washed twice with PBS and resuspended in the above lysis buffer. The pellet was sonicated at 20% duty cycles 10 times and incubated 30 min on ice. After SDS-PAGE, immunoblots were detected with monoclonal p85 antibody to assess the amounts of p85 in each fraction. The blots were also probed with Na-K-ATPase and Rho-GDI antibodies as protein loading controls for membrane and cytosolic fractions, respectively.
siRNA and plasmid transfection. Confluent Caco-2 cells (30 -40%) were transfected with nontargeting siRNA (NT1) or siRNA-targeting ILK or Src (SMARTpool, Dharmacon, Lafayette, CO) as described previously (9) . Confluent IEC-6 cells (30 -40%) were transfected with nontargeting siRNA (NT1), siILK1, or siILK2 targeted to rat ILK (customized, Dharmacon). Protein reduction (routinely 70 -90%) was confirmed by parallel Western blot analyses. For plasmid transfections, T75 flasks with 70 -80% confluent cells were transfected with 6 g of hemagglutinin (HA)-tagged wild type FAK, HA-tagged FAK mutant DNA, or empty vector using Plus reagent and Lipofectamine as described previously (9) . After transfection, cells were incubated with normal medium for 20 -24 h and then with serum-free medium for an additional 18 -24 h before exposure to cyclic strain.
Adenovirus infection. Once 50 -60% confluent, the cells were washed twice in PBS and infected with Ad-GFP (gift from Dr. Andrea Amalfitano) or Ad-SRC (Vector Biolabs, Philadelphia, PA). After 48 h of infection, the cells were stimulated with or without strain. The infection efficiency of green fluorescent protein (GFP) adenovirus was estimated with a fluorescent microscope.
Statistics. All results were expressed as means Ϯ SE of at least three independent similar experiments. Statistical analysis was performed using paired or unpaired t-tests or analysis of variance as appropriate. P Ͻ 0.05 was considered statistically significant.
RESULTS
Cyclic strain stimulates ILK kinase activity. To determine whether cyclic strain stimulates ILK kinase activity in Caco-2 intestinal epithelial cells, we subjected confluent serum-deprived cells to cyclic strain for 0 -60 min, and ILK kinase activity was assayed by in vitro kinase assay using GSK-3-␣/␤ as the substrate. We tried to confirm there was little or if any contamination of other kinases in our immunoprecipitated complex by adding a control sample from cells pretreated with siRNA to ILK.If the IP complex were contaminated with other kinases that can also phosphorylate GSK-3-␣/␤ protein, we then would have expected the phosphorylation level of GSK fusion protein substrate in ILK siRNA sample to still be high from such other contaminating kinases. However, performing the ILK kinase assay with lysate from cells treated with siRNA to reduce ILK yielded only a minimal level of phosphorylation of the GSK fusion protein, which might be attributable to the small amount of residual ILK in these ILK-reduced but not ILK-null cells. This suggests that even if the immunoprecipitated complex had been contaminated by other kinases, the bias that might have resulted from this would have been minimal. We observed increased ILK kinase activity at 5 min after initiation of cyclic strain (275 Ϯ 17% of control, n ϭ 7, P Ͻ 0.05; Fig. 1A) . ILK kinase activity then decreased gradually but remained higher than baseline after 1 h of cyclic strain. Thus cyclic strain stimulated ILK kinase activity in a rapid and sustained manner.
Although Caco-2 cells are commonly used to model diverse aspects of nonmalignant intestinal epithelial biology and signal transduction (36, 63) , they are nevertheless a transformed cell line originally derived from a colon cancer (12, 19) . We therefore confirmed our results in nontransformed small intestinal epithelial IEC-6 cells (Fig. 1B) . Similarly to Caco-2 cells, strain significantly stimulated ILK kinase activity at 5 min (255 Ϯ 14% of control, n ϭ 7, P Ͻ 0.05), and ILK kinase activity remained significantly higher than baseline after 1 h.
Additionally, ILK protein levels are not increased in response to strain. Cyclic strain for 0 -48 h did not increase total ILK protein levels in either Caco-2 cells or IEC-6 cells (Fig.  1B, 1 
of 3 similar experiments for each).
ILK is required for strain-induced migration. We next determined whether ILK was required for strain to stimulate wound closure. We transfected Caco-2 or IEC-6 cells with either siRNA targeting ILK or a control nontargeting siRNA sequence (NT1). Then, 72 h after transfection, we assessed migration with or without repetitive strain over 0 -48 h. Wounds in NT1-transfected Caco-2 monolayers closed more rapidly in response to strain than NT1-transfected static controls at all time points (n ϭ 17, P Ͻ 0.05; Fig. 2B ). siRNA targeted to ILK reduced ILK protein by 70 Ϯ 10% (n ϭ 3, P Ͻ 0.05; Fig. 2A ). This reduction of ILK reversed the motogenic Fig. 1 . Integrin-linked kinase (ILK) is activated in response to strain. A and B: effect of cyclic strain on ILK kinase activity was assessed by in vitro kinase assay in cells subjected to cyclic strain for 0 -60 min. Cells transfected with small interfering (si) RNA (siRNA) to ILK served as a negative control. ILK was activated by strain in a time-dependent fashion in both Caco-2 cells (A) and IEC-6 cells (B) (n ϭ 7, *P Ͻ 0.05 for each). Total ILK served as a loading control. Representative Western blot analyses are shown above each graph. C: total ILK protein levels do not increase in response to strain (n ϭ 3, P Ͼ 0.05).
effect of strain at all time points. The maximal effect of ILK reduction on strain-induced wound closure was observed at 12 h (n ϭ 17, P Ͻ 0.05; Fig. 2B ). ILK reduction by siRNA also prevented the stimulation of migration by strain in IEC-6 cells (Fig. 2C) . These data indicate a role for ILK in the straininduced motogenic response in intestinal epithelial cells and suggest a role for ILK in the intestinal epithelial restitution mechanism.
PI3K is required for strain-induced ILK activation. We next studied the involvement of PI3K in the activation response of ILK to cyclic strain using LY294002 to inhibit PI3K. Subconfluent Caco-2 cells were pretreated with 10 M LY294002 for 1 h, and then treated and untreated control cells were exposed to cyclic strain for 24 h or cultured without repetitive strain. Control untreated Caco-2 cells subjected to strain exhibited increased ILK kinase activity compared with static untreated Caco-2 cells (n ϭ 3, P Ͻ 0.05; Fig. 3A) . In LY294002-treated Caco-2 cells subjected to strain, however, ILK activation was blocked, and LY294002 reduced basal ILK kinase activity in static cells when compared with untreated control static cells (n ϭ 3, P Ͻ 0.05; Fig. 3A) .
Strain induces translocation of the p85 subunit of PI3K independent of ILK. Translocation of the p85 subunit of PI3K from cytosol to the cell membranes has been widely used as an indirect measure of activation (6, 57) . To determine whether PI3K activation in response to strain requires ILK, serumstarved Caco-2 cells were subjected to static or cyclic strain conditions after ILK siRNA transfection. Repetitive deformation stimulated translocation of the p85 subunit of PI3K from the cytosol to cell membranes in an ILK independent manner (n ϭ 3, P Ͻ 0.05; Fig. 3B ). Blots were also probed for the abundant membrane protein Na-K-ATPase and the abundant cytosolic protein Rho-GDI to confirm fraction enrichment and equal loading (Fig. 3B, bottom) .
ILK is required for strain-induced Akt activation. Since ILK and Akt are both known downstream targets of PI3K and are each required for the motogenic effect of strain (21), we determined whether ILK acts upstream of Akt. After 5 min of repetitive strain, Akt phosphorylation increased in cells transfected with NT1 control siRNA (n ϭ 6, P Ͻ 0.01, Fig. 3C ). In contrast, cells transfected with ILK siRNA displayed decreased basal Akt phosphorylation and no further increase in Akt phosphorylation in response to strain (Fig. 3C , n ϭ 6, P Ͻ 0.05), suggesting Akt may be downstream of ILK in this pathway.
Association of ILK with FAK is reduced by FAK Tyr925Phe mutation. Since reducing FAK by siRNA or transfection with the phosphorylation mutant FAK Tyr925Phe blocks the strain effect on migration (7), and both ILK and FAK are localized to focal adhesions, this suggests that ILK may interact with FAK. Total lysates of cells exposed to 5 min of cyclic strain or maintained under static conditions were immunoprecipitated with ILK antibody. Immunoblots of immunoprecipitates were probed sequentially with FAK and ILK antibodies. We observed that FAK coimmunoprecipitated with ILK from lysates of both static and strained cells, although there was no significant difference in ILK-FAK association between static and strained cells (n ϭ 3, P Ͼ 0.05; Fig. 4A ). An opposite coimmunoprecipitation of ILK using anti-FAK antibody was also performed showing a similar result. We then examined ILK association with HA-tagged FAK Tyr397Phe and FAK Tyr925Phe mutants. Association of HA-tagged FAK Tyr925Phe with ILK, but not association of HA-tagged FAK Tyr397Phe with ILK, was reduced compared with association of HA-tagged wildtype FAK with ILK (n ϭ 6, P Ͻ 0.05; Fig. 4B ), indicating that FAK Tyr925 phosphorylation is necessary for ILK-FAK association.
ILK reduction selectively modulates strain-induced FAK phosphorylation. Cyclic strain stimulated FAK Tyr397, FAK Tyr576, and FAK Tyr925 phosphorylation compared with static controls at 5 min (n ϭ 7, P Ͻ 0.01, Fig. 4C ). ILK reduction by siRNA did not affect basal FAK Tyr397 or FAK Tyr576 phosphorylation and did not prevent further FAK Fig. 3 . Phosphatidylinositol-3 kinase (PI3K) is upstream of ILK, whereas Akt is downstream. A: blockade of PI3K with LY294002 prevents strain-induced ILK activation at 5 min (n ϭ 3, *P Ͻ 0.05). B: strain stimulated a shift in the p85 subunit of PI3K from a cytosol-enriched fraction to a fraction enriched for cell membranes in an ILK-independent manner, which indicates that ILK does not modulate PI3K activation (n ϭ 3, *P Ͻ 0.05). The membrane protein Na-K-ATPase (bottom panel) and the cytosolic protein Rho-GDI (bottom panel) were used to confirm fraction enrichment and equal loading. C: ILK reduction by siRNA inhibited strain-induced Akt phosphorylation. Top, typical blots; bottom, densitometric analysis summary.
Tyr397 or FAK Tyr576 phosphorylation in response to repetitive strain (Fig. 4C , n ϭ 7, P Ͻ 0.01). In contrast, ILK reduction completely blocked strain-induced FAK Tyr925 phosphorylation without affecting basal FAK Tyr925 phosphorylation (Fig. 4C , n ϭ 7, P Ͻ 0.01).
Src is required for ILK activation in response to strain, but strain-induced src phosphorylation is independent of ILK.
We examined whether Src was required for ILK activation using Src siRNA and the Src inhibitor 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo(3,4-d)pyrimidine (PP2). siRNA targeted to Fig. 4 . ILK associates with focal adhesion kinase (FAK) and mediates FAKY925 phosphorylation. A: FAK coimmunoprecipitates with ILK independently of strain (n ϭ 3, P Ͼ 0.05). Total Caco-2 cell lysate served as a control for the FAK band. An opposite coimmunoprecipitation of ILK using anti-FAK antibody was also performed, showing ILK coimmunoprecipitates with FAK independently of strain (n ϭ 3, P Ͼ 0.05). Total Caco-2 cell lysate served as a control for the ILK band. B: Caco-2 cells were transfected with hemagglutinin (HA)-tagged wild-type or FAK point mutation constructs and subjected to static or cyclic strain conditions before immunoprecipitation of ILK and immunoblotting for HA. The FAK Tyr397Phe mutation did not alter ILK-FAK association (n ϭ 3, *P Ͻ 0.05), but the FAK Tyr925Phe mutation reduced ILK-FAK association compared with association of ILK with wild-type FAK (n ϭ 6, *P Ͻ 0.05). Equal transfection efficiency was confirmed by immunoblotting of total cell lysates for FAK and HA tag. Total lysates from cells transfected with KH3 control vector served as a control. Total lysates immunoprecipitated with normal mouse IgG also served as a control. C: ILK reduction selectively modulates strain-induced FAK phosphorylation. NT1 control siRNA or ILK siRNA transfected cells were subjected to static versus strain conditions. Lysates were immunoblotted for FAK phosphorylated at Tyr397, Tyr576, or Tyr925. ILK reduction by siRNA prevented strain-induced FAK Tyr925 phosphorylation, whereas strain-induced FAK Tyr397 and FAK Tyr576 phosphorylation were not prevented (n ϭ 7, *P Ͻ 0.01). Top, typical blots; bottom, densitometric analysis summary. Src reduced Src protein by 70 Ϯ 10% (n ϭ 3, P Ͻ 0.05; Fig. 5A , bottom two blots, 1 of 3 similar experiments). To confirm that the compound PP2 was actually inhibiting Src, we took advantage of previous studies demonstrating that phosphorylation of FAK Y576 is a downstream consequence of Src activation in a variety of cell types (10, 58) . We confirmed that PP2 at the dose used here actually inhibited the activity of its target kinase Src because it inhibited FAK Y576 phosphorylation (Fig. 5B,   Fig. 5 . Src associates with and is required for ILK activation by strain. ILK activation was assessed in the presence of Src reduction by siRNA (A) or Src inhibition by PP2 inhibitor (B). siRNA targeted to Src reduced Src protein by 70 Ϯ 10% (n ϭ 3, P Ͻ 0.05; A, bottom two blots, 1 of 3 similar experiments). 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo(3,4-d)pyrimidine (PP2) inhibitor significantly blocked basal as well as strain-stimulated phosphorylation or accumulation of the specific FAK 576 downstream target of the kinase (n ϭ 3, bottom two blots for each, *P Ͻ 0.05). Both siRNA to Src and the Src inhibitor PP2 blocked the strain-induced activation of ILK (n ϭ 5, *P Ͻ 0.01). C: cells were transfected with siRNA to ILK and immunoblotted for phosphorylated Src after being subjected to static or cyclic strain conditions. Reducing ILK did not alter strain-induced Src phosphorylation (n ϭ 5, *P Ͻ 0.05) Top, typical blots; bottom, densitometric analysis summary. D: Caco-2 cells were infected with either Ad-GFP or Ad-GFP, subjected to static or strain conditions, and harvested for ILK in vitro kinase assay. Src activation by Ad-Src increased ILK activity by 435 Ϯ 31% and 408 Ϯ 24% in static cells and strained cells respectively (n ϭ 3, P Ͻ 0.05; D). Ad-GFP infection served as control. Equal infection efficiency was confirmed by immunoblotting of total cell lysates for Src and GFP. GAPDH served as a control for equal loading.
bottom two blots, 1 of 3 similar experiments). Both Src siRNA (Fig. 5A) and PP2 (Fig. 5B) prevented strain-induced ILK activation, indicating that Src is required for this process. Furthermore, Caco-2 cells were infected with either Ad-GFP or Ad-Src. After 48 h infection, they were subjected to static or strain conditions and harvested for ILK in vitro kinase assay. Src activation by Ad-Src increased ILK activity by 435 Ϯ 31% in static cells, and no further increase of ILK activity was observed in cells subjected to strain but infected with the Ad-Src virus (n ϭ 3, P Ͻ 0.05; Fig. 5D ). Reduction of ILK by siRNA, however, did not inhibit strain stimulation of Src phosphorylation (Fig. 5C) . Together, these data suggest that Src is upstream of ILK in the signaling pathway by which strain stimulates migration.
ILK coimmunoprecipitates with Src and ILK-Src association is increased by strain, but this effect of strain is prevented by PP2. Confluent serum-starved Caco-2 cells were pretreated with PP2 and then cultured with or without cyclic strain for 5 min. Immunoblots of ILK immunoprecipitates of whole cell lysates were probed sequentially with Src and ILK antibodies. Strain increased the amount of Src that coimmunoprecipitated with ILK compared with the same measurement in static control cells (Fig. 6 , left two bars, n ϭ 3, P Ͻ 0.05). Furthermore, PP2 inhibition of Src prevented the strain effect on ILK-Src association (Fig. 6 , right two bars, n ϭ 3, P Ͻ 0.05), indicating that activated Src is necessary for the association of ILK and Src.
ILK is also required for strain-induced MLC phosphorylation. We have previously described increased phosphorylation of MLC in response to strain and have shown that this activation of MLC is necessary for strain stimulation of migration (74) . Since ILK has been shown to directly phosphorylate MLC to stimulate smooth muscle cell motility (15-16), we next asked whether ILK reduction alters strain-induced MLC phosphorylation in Caco-2 cells. Reduction of ILK by siRNA inhibited strain stimulation of MLC phosphorylation (n ϭ 6, P Ͻ 0.05; Fig. 7 ), suggesting that cyclic strain modulates MLC phosphorylation via ILK activation.
AKT, FAK, and MLC are required for strain stimulation of migration. Akt and MLC have been previously reported to inhibit strain-induced migration in Caco-2 cells across fibronectin (21, 74), so we next investigated the contribution of Akt, FAK, and MLC to the ability of strain to promote IEC-6 cell migration. For these 24-h studies, 1 M AKT inhibitor IV proved toxic,so we used 500 nM, which still prevented straininduced AKT phosphorylation (not shown). We assessed migration after pretreatment with the Akt inhibitor Akt IV (500 nM), FAK inhibitor (2 M), MLC inhibitor ML-7 (10 M), or DMSO vehicle controls. Blocking FAK and MLC prevented the motogenic effect of strain, while blocking AKT reversed it (n Ն 25, P Ͻ 0.05 for each, Fig. 8 ). Fig. 6 . Strain increased ILK-Src coimmunoprecipitation. However, the strain effect on ILK-Src association is blocked by PP2. Serum-starved cells were pretreated with PP2 or DMSO vehicle control and subjected to static or cyclic strain conditions. An equal amount of whole cell lysate for each condition was immunoprecipitated with anti-ILK antibody before immunoblotting for Src and for ILK. ILK coimmunoprecipitated more Src in strained cells compared with static control cells (bottom left two bars, n ϭ 3, *P Ͻ 0.05). PP2 inhibition of Src abolished the strain effect on ILK-Src association (bottom right two bars, n ϭ 3, *P Ͻ 0.05). Total lysates from cells transfected with siRNA targeted to Src or with nontargeting NT1 sequences served as controls (12 g protein/lane). Total lysates immunoprecipitated with normal mouse IgG also served as a control. Top, typical blots ; bottom, densitometric analysis summary. Fig. 7 . Effect of ILK siRNA on myosin light chain (MLC) phosphorylation. Stain-stimulated MLC phosphorylation was prevented by siRNA reduction of ILK in Caco-2 cells (n ϭ 6, *P Ͻ 0.05). Top, typical blots; bottom, densitometric analysis summary. 
DISCUSSION
The intestinal mucosa is subjected to constant injury during normal function and in intestinal disease states such as Crohn's disease. Mechanical deformation generated under normal conditions of digestion by peristalsis (26, 31, 50) , contact with luminal contents, and villous motility (45) may affect cell signaling and regulates migration as well as other biological properties in intestinal epithelial cells (4, 7, 9, 21-22, 74) . Although the effects of cyclic strain on signal activation and wound closure that we report here may appear relatively small, they are highly statistically significant. We (9 -11, 39, 50) and others (51-53) have previously described changes in cell migration and signaling in intestinal epithelial cells of similar magnitudes in response to various stimuli. Interestingly, Gange and colleague (20) recently observed that knockdown of ILK expression inhibits human intestinal crypt cells (HIEC) cell spreading and migration and Caco-2/15 monolayer restitution (20) , and the magnitude of their result in Caco-2 cells is comparable to ours. Finally, such small changes in the rate of cell migration may well be biologically important in determining whether a mucosal wound heals or fails to heal in vivo, since the tightly regulated intestinal epithelium is constantly injured and repaired, and a small change in the equilibrium between injury and repair may make the difference between an intact mucosa and a failed barrier (54 -58) .
In this study, we delineate a role for ILK in the straininduced motogenic effect. ILK activation by strain was fast and sustained and required for the strain effect on promotion of wound closure across fibronectin. Blocking PI3K prevented strain activation of ILK, whereas blocking ILK prevented strain activation of Akt, indicating that PI3K and Akt are respectively upstream and downstream of ILK in this pathway. The reduction of FAK Tyr925 phosphorylation after ILK siRNA transfection suggests that ILK regulates some functions of FAK. Since FAK Tyr397 and Tyr576 phosphorylation are unaffected, however, this suggests that ILK is not an upstream regulator of FAK activation. ILK coimmunoprecipitated with FAK. ILK-FAK association was decreased by the FAK Tyr925Phe mutation but not point mutation of FAK Tyr397Phe. Src is an upstream regulator of ILK in our system. Strain increased ILK-Src association, but this strain effect was blocked by PP2. Finally, ILK activation by strain may be required for strain-induced phosphorylation of MLC (Fig. 9) . Although our results do not conclusively establish that all these effects of ILK require its kinase activity, our in vitro kinase assay certainly suggests ILK activation by strain in parallel with the requirement for ILK in the strain-mediated signaling pathway that we describe here.
PI3K plays a major role in many cellular activities and is a key signaling molecule in regulating cell migration in response to strain (21) . Our observations suggest that ILK activation regulates intestinal epithelial cell migration in a PI3K-dependent manner, similarly to that seen in breast cancer cells (29) and chicken fibroblast cells (55) . In contrast, Tetreault et al. (61) recently reported that treatment of gastric epithelial cells with the PI3K inhibitor LY294002 strongly reduced basal andtransforming growth factor (TGF)-␣-stimulated cell spreading, whereas a specific siRNA-targeting ILK sequence did not affect the kinetic rates of wound closure. We believe that these apparently contrary results could reflect differences in response to different stimulating factors in different cell types or differences in migration across different substrates. Tetreault et al. (61) studied migration across plastic, while we studied migration across tissue fibronectin. We have previously shown that although repetitive deformation stimulates motility across tissue fibronectin, which is deposited into tissues in settings of injury, deformation actually inhibits motility on pure collagen or laminin substrates (74) . We have also observed that cell signaling during cell motility is very different on plastic than on matrix proteins (70 -71) .
Downstream of PI3K, Akt signaling also contributes to the motogenic effect of strain (21) . Our results here suggest that Akt is also downstream of ILK, consistent with recent observations that ILK-mediated activation of Akt is required for endothelial cell motility (17) . However, silencing ILK did not affect the wound-induced phosphorylation of Akt in smooth muscle cells (27) , indicating that ILK may regulate smooth muscle cell migration by phosphorylating other substrates, or that the scaffolding functions of ILK in focal adhesions may be more important in this cell type. Indeed, phosphorylation of Akt is normal in ILK-deficient chondrocytes (23) and fibroblasts (56) , and ILK-induced Akt phosphorylation is not observed in hypertrophic human hearts exhibiting elevated ILK expression or mouse hearts transgenically engineered to overexpress ILK (42) , suggesting that ILK and Akt can be uncoupled in some settings.
Strain effects in intestinal epithelial cells on fibronectin involve activation of FAK within the dynamic multiprotein focal adhesion complex that links the transmembrane matrixbinding integrins with the cytoskeleton. Previous results from our laboratory indicate that, although FAK is essential for the stimulation of migration by cyclic strain, strain stimulates FAK Tyr925 phosphorylation by a different time course than phosphorylation of FAK Tyr397 and FAK Tyr576 (7) . Furthermore, FAK phosphorylation at Tyr925 in response to strain is independent of Src or FAK Tyr397/576/577 phosphorylation, since Tyr925 phosphorylation was not prevented by either PP2 or Src reduction by siRNA and since the tyrosine phosphorylation-deficient FAK triple mutant Tyr925Phe/Tyr576Phe/ Fig. 9 . Schematic diagram outlines a signaling pathway that may mediate strain-induced migration in intestinal epithelial cells consistent with our present and previous observations. Cyclic mechanical strain activates phosphatidylinositol 3-kinase (PI3K) and Src, which leads to the activation of ILK. ILK is then required for the activation of Akt, FAK, and MLC, which results in increased proliferation of intestinal epithelial cells.
Tyr577Phe still displayed increased Tyr925 phosphorylation in response to strain (7) . Thus traditional FAK activation by Src may be less important for transducing strain effects on fibronectin than FAK's role in focal adhesion assembly. ILK localizes to integrin adhesions (39, 49, 59) , and deletion of the gene encoding ILK blocks maturation of focal adhesions by destabilizing ␣5␤1 integrin-cytoskeleton linkages (59) .
The proximity of ILK and FAK to integrins raised the possibility that they might associate with each other within focal adhesions. Indeed, our current experiments demonstrated that ILK immunoprecipitated with FAK, and that their association was abolished by the tyrosine phosphorylation-deficient FAK mutant Tyr925Phe but not by Tyr397Phe. Moreover, ILK reduction by siRNA selectively blocked strain-induced FAK phosphorylation at Tyr925 but not at Tyr397 or Tyr576. Tyr397 is in the NH 2 -terminal domain of FAK, but Tyr925 is within the COOH-terminal focal adhesion targeting (FAT) domain of FAK (1). The selective requirement for the phosphorylation of FAK Tyr925 for ILK-FAK association may suggest that focal adhesion assembly may be important in mediating their association. Similarly, Li et al. (40) reported that ILK associates with FAK in vascular smooth muscle cells. The selective blockade of strain-induced FAK Tyr925 phosphorylation by siRNA to ILK may suggest that ILK-FAK association is essential for maintaining phosphorylated FAK Tyr925 by masking this phosphorylation site upon binding or critical for bringing other kinases to the proximity of FAK Tyr925. White and colleagues (66) recently reported that the loss of ILK impacts ␤1-integrin/FAK signaling, consistent with our observations in intestinal epithelial cells.
Absence of Src kinases causes deficiencies in intestinal epithelial cell migration and interferes with regulation of the actin cytoskeleton (44) . Our data suggest that Src is upstream of ILK in the pathway we describe, similarly to signaling in an integrin ␣5-expressing normal rat intestinal epithelial cell line after integrin-mediated cell adhesion (35) . Our present results suggest that ILK binds to active Src, since PP2 blocked the increase of association between ILK and Src in response to strain. This is consistent with a recent study done by another laboratory, in which in vitro pulldown assays demonstrated that ILK associated with a GST-c-Src fusion protein through the SH3 domain of Src and the kinase domain of ILK, and that this association was abolished by PP2 treatment (35) .
The relationship between the PI3K/ILK/AKT signaling pathway and the FAK/Src signaling pathway is not well defined and is likely to vary with the cell type and stimulus studied. In vascular smooth muscle cells, the association between FAK and ILK increased significantly after the cells were pretreated with PP2 to inhibit Src. However, the level of FAK phosphorylation was not influenced by ILK siRNA (40) . Previous data from our laboratory demonstrated that in SW620 cells, the PI3K inhibitor LY294002 blocked FAK Tyr397 phosphorylation but not Src Tyr416 phosphorylation, and FAK siRNA blocked Akt phosphorylation at Ser473 in response to pressure, indicating that PI3K is downstream of Src but upstream of FAK, and that FAK is upstream of Akt in SW620 cells in response to pressure (62) . Similarly, Del Re and colleagues (13) reported that activation of endogenous cardiomyocyte FAK by stretch leads to concomitant activation of Akt.
Although ILK has been implicated in the regulation of spreading and migration (24, 46) , its role in these processes in intestinal epithelial cells has remained unclear. For instance, it has only recently been reported that ILK is implicated in the formation/assembly of mature focal adhesion points in human intestinal epithelial cells (20) . Our observations here demonstrate that the silencing ILK in Caco-2 cells blocked the promotion of migration in response to strain. Although previous work has reported that ILK can contribute to the activation of signaling pathways that are implicated in the regulation of cell migration, such as Akt (38) , other migration-regulating pathways that are not susceptible to being activated by ILK following strain certainly exist, such as extracellular signalregulated kinase (ERK). ERK is phosphorylated in response to strain, and blocking ERK phosphorylation inhibited the motogenic effect of strain on fibronectin (7, 74) . This may explain why the loss of ILK significantly reduced strain-stimulated migration in Caco-2 cells without completely abrogating basal migration. Although Akt and MLC are critical mediators of intestinal epithelial migration in response to strain, they are not the only signaling molecules to promote migration (8, 21, 38, 74) .
Tétreault et al. (61) observed that treatment of confluent HGE-17 cells with the PI3K inhibitor LY294002 strongly reduced basal and TGF␣-stimulated cell spreading, whereas addition of a specific siRNA targeting the ILK sequence did not affect the kinetic rates of wound closure. The differences between the results of Tétreault et al. in gastric epithelial cells and our current observations may reflect fundamental differences between the regulation of gastric and intestinal epithelial cell migration. In addition, the intracellular signals mediating TGF-␣ effects are likely to be fundamentally different from the mediation of strain effects.
The increased basal activation of MLC in the presence of ILK inhibition in our system may represent an attempt by the cell to overcome the blockade of one pathway by stimulating another pathway. Although basal phosphorylation of MLC was increased when ILK was reduced, the activation of MLC by strain was reversed in ILK siRNA-treated cells. Interestingly, it has been previously reported that ILK can act as a calciumindependent MLC kinase that can phosphorylate the MLC phosphatase inhibitor CPI-17 at Thr38 (28) . Hence, it is possible that strain can activate MLC phosphatase in ILK-reduced cells since the MLC phosphatase inhibitor CPI-17 is no longer being activated by ILK in response to strain when ILK is reduced.
In conclusion, this study provides evidence that ILK is a critical mediator in the stimulation of intestinal epithelial migration across fibronectin by repetitive deformation. ILK has previously been implicated in the regulation of intestinal epithelial proliferation (2, 20) , while certain bacteria modulate intestinal epithelial ILK to prevent infected epithelial cell detachment (34) . Furthermore, ILK knockdown in vivo inhibits fibronectin deposition (20) , further emphasizing the importance of the fibronectin-dependent and ILK-dependent promotion of migration by strain studied here. ILK could prove an important target to modulate the maintenance, renewal, and healing of the intestinal epithelium under pathophysiologic conditions that alter natural patterns of deformation.
